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cast  TNT.  The  results  of  these  firings  indicate  that  the  shock  ignit 
sensitivity  of  cast  TNT  is  also  decreased  by  multiple  shocking. 
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NOTATION 


The  subscript  I  refers  to  TNT.  Thus, 

Pj  =  initial  density  of  TNT  charge 

Uj  =  particle  velocity  of  first  shock  wave  in  TNT 
Uj  =  velocity  of  1st  shock  wave  in  TNT 

=  pressure  of  first  shock  wave  in  TNT 

The  subscripts  2,  3,  4  refer  to  the  projectile  face  plates  in  order  of 
proximity  to  the  TNT  charge.  Thus,  for  the  illustration  in  Figure  2, 

u2  *  particle  velocity  in  polyethylene  (poly) 

u3  =  particle  velocity  in  Teflon 

u^  =  particle  velocity  in  aluminum 

P-,  =  pressure  in  polyethylene 

The  superscript  '  refers  to  the  singly-shocked  material.  Thus, 
pj  =  density  of  singly-shocked  TNT 
p}  *  -^nsity  of  singly- shocked  polyethylene 

uj  =  particle  velocity  with  respect  to  singly-shocked  TNT;  i.e., 
the  change  in  particle  velocity  in  the  second  shock  in  TNT 

u \  -  particle  velocity  with  respect  to  singly-shocked  polyethylene 
PJ  =  increase  in  pressure  due  to  second  shock  wave  in  TNT 

The  superscript  "  refers  to  the  doubly-shocked  material.  Thus, 

u'J  =  particle  velocity  with  respect  to  doubly-shocked  TNT 

u"  =  particle  velocity  with  respect  to  doubly- shocked  polyethylene 

P'J  =  increase  in  pressure  due  to  third  shock  wave  in  TNT 

To  simplify  calculations,  the  density  of  the  shocked  material  is  kept 
constant  at  the  value  it  obtained  by  the  primary  shock  compression. 
Thus , 


I .  INTRODUCTION 

From  shock-initiation-to-detonation  experiments,  we  know  that  a 
leading  relatively  low  pressure  shock  wave  can  desensitize  an  explosive 
to  a  following,  higher  pressure  shock  wave.  In  the  case  reported  in 
reference  (1),  a  3.9  GPa  shock  in  plastic-bonded  HMX  desensitized  it  to 
a  9**a  s^oc^  which  followed  one  usee  later.  This  suggests  that  multiple 
shocking  may  be  effective  in  desensitizing  explosives  to  shock  ignition 
also,  since  shock  ignition  is  highly  dependent  on  the  physical  structure 
the  explosive  charge.  Thus,  charges  which  contain  voids  are  more 
sensitive  than  those  which  do  not.  Also,  larger  voids  are  more  sensi¬ 
tizing  than  smaller  ones  (2).  Under  shock  compression,  these  discontinu¬ 
ities  within  the  explosive  become  the  sites  of  hot  spots  which  can  cause 
ignition  under  appropriate  conditions  determined  by  pressure,  temperature, 
and  time. 


II.  EXPERIMENT 

In  most  of  the  experiments  reported  here,  the  explosive  used  was 
pressed  TNT,  similar  to  that  of  reference  (2);  our  density  was  1.53  gm/cm3 

whereas  that  of  reference  (2)  was  1.55  gm/cm3.  The  powder  used  for  pres¬ 
sing  consisted  of  grains  which  passed  through  a  number  50  U.S.  standard 
sieve  screen  and  were  retained  on  a  number  70  screen.  The  experimental 
arrangement,  shown  in  Figure  1,  consists  of  a  10  cm  diameter  light  gas 
gun  which  accelerates  a  flat-faced  projectile  toward  the  TNT  charge  in 
the  target  chamber.  The  TNT  charge  is  76.2  mm  diameter  x  12.7  mm  thick. 
The  gun  barrel  and  target  chamber  are  evacuated  to  a  pressure  of  50 
microns  Hg  beforehand  in  order  to  facilitate  projectile  acceleration  and 
to  minimize  the  overpressure  in  the  target  chamber  after  firing.  The 


Figure  1  -  Experimental  Arrangement. 

cnarge  holder  consists  of  Plexiglas  12.7  mm  thick  which  is  machined  so 
that  it  supports  the  charge  with  minimal  confinement;  the  charge  is  held 
in  place  with  epoxy  cement.  Indicated  in  Figure  1  is  the  "slit  view 
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line,"  This  is  the  area  of  the  event  viewed  by  a  continuous  recording 
streak  camera,  Beckman  and  Whitley  Model  339.  Not  shown  in  Figure  1  is 
a  backlighting  source,  Cordin  Model  607,  used  to  form  a  silhouette  of 
the  projectile  and  charge  so  that  the  non- luminous  impact  event  can  be 
recorded  by  the  streak  camera.  The  projectile  velocity  and  downstream 
free  surface  velocity  of  the  TNT  charge  are  derived  by  differentiating 
the  distance-time  streak  camera  data.  The  face  of  the  aluminum  projec¬ 
tile  can  be  left  bare  to  produce  a  single  shock  in  the  explosive  or 
several  plates  of  different  materials  can  be  attached  to  the  projectile 
face  to  produce  multiple  shocks  in  the  explosive  due  to  shock  reflections 
at.  plate  interfaces.  In  these  experiments,  the  downstream  free  surface 
velocity  of  the  impacted  TNT  can  be  used  as  an  indication  of  explosive 
reaction  because  the  gaseous  reaction  products  will  have  a  higher  veloc¬ 
ity  than  the  unreacted  solid  explosive. 

III.  ANALYSIS 

The  standard  impedance  matching  technique  (3)  is  used  to  calculate 
the  impact  pressure  in  TNT  when  a  single  shock  wave  is  produced.  For 
multiple  shock  waves,  the  calculations  are  more  complicated  and  so  they 
will  be  described  here  in  some  detail.  The  Hugoniots  of  materials  used 
are  shown  in  the  form  U  =  a  +  bu  where  U  is  shock  velocity  (mm/usec) ,  u 
is  particle  velocity  (mm/psec)  and  a  and  b  are  empirical  constants;  den¬ 
sity,  o,  is  in  grams/cm3. 

polyethylene  (poly)  ,  p  *  .92,  U  =  2.722  +  1.583  u  (4) 

Teflon,  p  =  2.24,  U  *  1.83  +  2.07  u  (5) 

aluminum,  p  =  2.785,  U  =  5.355  +  1.345  u  (6) 

brass,  o  =  8.45,  U  =  3.781  +  1.431  u  (5) 

CMW  1000,  o  =  16.84,  U  =  3.94  +  1.32  u  (5) 

polyurethane  (PU) ,  p  =  1.265,  U  =  2.486  +  1.577  u  (7) 

rigid  porous  polyurethane,  p  =  .577,  U  *  ,0087  +  1.8179  u 

cast  TNT,  p  *  1.614,  U  =  2.39  ♦  2.05  u  (5) 

porous  TNT,  p  =  1.53,  U  =  .89  +  5.27  u 

CMW  1000  is  a  sintered  alloy  consisting  of  90  percent  W,  4  percent  Cu, 

6  percent  Ni  (8).  The  porous  Hugoniots  for  polyurethane  and  TNT  were 
generated  using  the  procedure  described  in  reference  (9)  with  the  following 
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values  of  Grtlneisen  Gamma,  f” : 

’  >o 

For  TNT,  T 

•o 


.737  (9) 


For  polyurethane,  |"^  =  1.S5  (10) 

The  porous  Hugoniots  shown  are  for  the  pressure  range  0-1  GPa.  The 
porous  TNT  tfeigoniot  is  used  to  calculate  the  pressure  and  particle  veloc 
ity  produced  by  the  first  shock  wave.  The  higher-density,  cast  TNT  Hugo 
niot  is  used  for  the  second  and  third  shock  waves  which  interact  with 
shock-compressed  TNT. 


In  a  coordinate  system  where  the  projectile  is  at  rest,  the  impact 
process  can  be  described  as  shown  in  Figure  2  where  the  Hugoniot  curves 
of  several  materials  are  drawn  in  the  pressure-particle  velocity  plane. 
The  free  surface  velocity  of  TNT,  ups,  is  equal  to  the  projectile 

velocity.  At  the  impact  interface  of  TNT  and  poly,  the  pressure  and 


Tigure  2  -  Impedance  match  solution  for  the  first 
shock  wave  in  TNT  and  polyethylene, 
particle  velocity  are  equal.  Therefore  we  can  write 


fl) 


°2U2U2  =  funC'  ^UFS  ’  U2^  (2) 

°2{a2  +  b2U2)u2  =  Dl[al  *  bl(uFS  *  U2}]  (uFS  “  U2]  (3) 

.15  'o',.' 

This  reduces  to  a  quadratic  equation  which  can  be  solved  for  u^.  Know¬ 
ing  Uj,  we  can  calculate  Pj,  the  pressure  of  the  first  shock  wave  in 
TNT. 

Also,  2u^  represents  the  free  surface  velocity  of  poly  with  respect 

to  the  Teflon  plate.  So,  referring  to  Figure  3,  we  can  write 

p3(a3  +  b3U3)U3  =  °2 [a2  +  b2(Zu2  *  uj]  (2u2  "  U3}  (4) 
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This  reduces  to  a  quadratic  equation  which  can  be  solved  for  u3,  the 

particle  velocity  in  Teflon.  This  procedure  can  be  repeated  to  find 
the  particle  velocity  and  pressure  at  each  interface  of  the  layered 
plate. 

In  order  to  calculate  the  pressures  produced  in  TNT  by  these  reflec¬ 
ted  interface  pressures  we  can,  referring  to  Figure  3,  proceed  as  follows. 
At  the  poly-Teflon  interface,  a  shock  reflection  takes  place,  the  pres- 


Figure  3  -  Impedance  match  solution  for  the  first  shock  wave  in  Teflon 

sure  jumps  AP,  the  particle  veloc:ty  decreases  by  -  u^  and  the  re¬ 
flected  shock  travels  back  into  the  shock-compre  sed  poly  of  densitv 
p2 


AP  *  P3  *  P2  *  P2 


(5) 


can  also  be  calculated  in  the  following  manner: 

For  the  reflected  shock  wave  traveling  back  <to  the  previously 
shocked  polyethylene  the  assumption  is  made  that  the  pressure  can  be 
represented  by 


P2  *  °2  *a2  *  b2  (u2  '  U3^  (U2  *  u3^  (6) 

where  the  Hugoniot  of  the  shock-compressed  polyethylene  was  approximated 
by 


U'2  «  a2  ♦  b,  ( u ^  -  u3) 


(7) 


and  the  density  of  the  shock-compressed  polyethylene  was  calculated  as 


using  values  of  ,  u^  and  u^  calculated  from  the  precedir..;  section.  The 
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Hugoniot  constants  a^  and  b-,  are  those  of  unshocked  polyethylene.  Equa¬ 
tion  (5)  represents  an  upper  bound  on  the  calculated  pressure  jump  and 
equation  (6)  a  lower  bound.  We  have  chosen  to  use  equation  (6)  in  our 
analysis . 

Knowing  u^  =  u?  -  u^  we  can  perform  an  impedance  matching  calcula¬ 
tion  in  order  to  calculate  up  the  particle  velocity  in  singly-shocked 

TNT  produced  by  the  reflected  shock  wave  originating  at  the  poly-Teflon 
interface.  Figure  4  represents  the  impedance  match  calculation  for  the 
first  shock  reflection  from  the  poly-Teflon  interface  back  into  singly 
shocked  TNT.  The  particle  velocities  are  relative  to  the  polyethylene- 
TNT  interface  velocity  caused  by  the  initial  shock  wave.  Referring  to 


Figure  -  Impedance  match  solution  for  the  second  shock  wave  in  TNT. 


Figure  4,  we  can  write  the  following  equation. 

=  P{  (a2  +  bjup  uj 

.  r  .  .. 

0 


>2  ^a2  +  b2(2u2  '  2u3  *  uj)J(2u,  -  2u3  -  up 


(9) 


This  reduces  to  a  quadratic  equation  which  can  be  solved  for  up 


For  TNT  ^  ♦  uj 


P  =  p  +  P’ 
MAX  1  1 


When  three  plates  are  used,  the  impedance  matching  solution  must 
take  into  account  the  first  shock  reverberation  in  poly  which  gets  re¬ 
flected  at  the  poly -TNT  interface  as  shown  at  A  in  Figure  5.  B  repre¬ 
sents  a  second  shock  reverberation  in  poly  of  small  magnitude;  for 
simplicity  we  have  ignored  it  in  our  calculations.  The  effect  of  the 
reflection  at  A  is  to  shift  the  impedance  matching  line  of  symmetry 
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Figure  5  -  Simplified  representation  of  main  shock  trajectories  in  TNT 
and  projectile  face  plates  during  the  impact  process. 

from  (Uj-u^)  to  (u3-u4  ♦  Au)where  ^u  »(u2~Uj-uJ ).  The  net  result  is 

a  higher  transmitted  pressure  P”  in  TNT.  Referring  to  Figure  6  which 


Figure  6  -  Impedance  match  so'ution  for  the  third  shock  wave  in  polyethylene. 

shows  the  impedance  matching  solution  for  the  third  shock  wave  in  poly 
we  can  write  the  following  quadratic  equation 

P 2  (a2+b2U2  )  U2  “ 

°3  [a3+b3  ( 2u2 ~ 2u4 ~ 20 1 ~u2 )] 

I 

(2u2-2u4-2uru^)  (10) 

which  can  be  solved  for  u^',  the  particle  velocity  in  doubly  shocked 

poly  caused  by  the  shock  wave  reflected  at  the  Teflon-aluminum  inter¬ 
face. 

Using  u^',  a  final  application  of  the  impedance  matching  technique 
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at  the  interface  of  doubly-shocked  poly  and  TNT  can  be  made  as  shown  in 
Figure  7. 


Figure  7  -  Impedance  match  solution  for  the  third  shock  wave  in  TNT. 
Equating  pressures,  we  can  write  the  quadratic  equation 


P'i  (vblul)  u’l  ■  c2  [vb2  (2u2-“i)]  (2u2-“i) 


(11) 


which  can  be  solved  for  u^,  the  particle  velocity  in  doubly- shocked  TNT 
due  to  UV,  the  third  shock  wave  in  TNT.  For  TNT, 

“max.  =  Vui*u’i 


IV.  RESULTS 

Figure  8  illustrates  several  typical  pressure  profiles  in  TNT  calcu- 


Figure  8  -  Typical  pressure  pulse  shapes  in  TNT  (calculated). 
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latfd  by  the  procedures  outlined  m  the  preceding  section.  The  time 
duration  of  pressure  at  each  level  is  simply  the  reverberation  time 
of  a  shock  wave  in  the  face  plate  associated  with  a  given  pressure 
level  in  TNT.  The  pulse  shapes  shown  in  Figure  8  represent  the  maximum 
duration  each  pressure  pulse  will  have  at  the  TNT-poly  interface.  The 
second  and  third  shock  waves  propagating  in  shock- compressed  TNT  will 
tend  to  catch  up  with  the  relatively  slower  primary  shock  wave  propaga¬ 
ting  in  porous  TNT  so  that  the  time  difference  between  the  first  and 
second  shock  waves  will  become  less  as  the  waves  propagate  into  the  TNT 
sample.  In  some  of  our  early  firings  where  3.2  mm  thick  poly  was  used 
as  the  first  plate  (2ysec  reverberation  time)  the  second  shock  wave 
overtook  the  first  wave  causing  a  drastic  increase  in  explosive  reaction. 
This  situation  is  illustrated  in  Figure  9.  The  overtake  was  prevente ’. 
by  increasing  the  thickness  of  the  first  plate  to  6.4  mm,  giving  a  4  usee 
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Figure  9  -  Explosive  reaction  caused  by  shock  wave  overtake, 
interval  between  the  first  and  the  second  shock  waves  in  TNT. 

Figure  10  shows  the  free  surface  velocity  of  singly-shocked  TNT. 


Figure  10  -  Free  surface  .elocity  of  singly-shocked  TNT. 

F.nch  curve  is  labeled  to  show  the  pressure  and  pulse  width  of  the  shock 
wave  in  TNT.  F^r  the  0.33  GPa  curve,  the  free  surface  velocity  is  con¬ 
stant  and  unreacted  explosive  was  recovered  from  the  target  chamber.  The 
free  surface  velocity  for  the  0.9.3  f.Pa  impact  pressure  is  also  quite 
constant  b  .t  in  this  case  the  target,  chamber  was  covered  with  soot  indi- 
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eating  that  a  comparatively  mild  reaction  must  have  occurred.  Both  the 
1.15  and  1.32  GPa  curves  show  an  accelerating  free  surface  indicating 
that  significant  explosive  reaction  is  occurring.  The  maximum  velocity 
recorded  was  2.7  mra/gsec,  just  before  the  free  surface  left  the  stTeak 
camera  field  of  view.  For  comparison,  the  reaction  products  velocity 
at  50  u  Hg  from  a  detonating  TNT  charge  is  9  mm/psec. 

Figure  11  shows  the  measured  free  surface  velocity  of  doubly-shocked 


Figure  11  -  Effect  of  peak  pressure  on  reaction  in  double  pulse  experiments. 


TNT.  In  all  cases,  there  was  explosive  reaction  as  evidenced  by  soot 
formation  in  the  target  chamber.  However,  the  free  surface  velocities 
are  considerably  below  the  level  reached  when  a  single  shock  of  compar¬ 
able  pressure  is  used.  The  free  surface  velocity,  in  general,  in¬ 
creases  as  the  maximum  pressure  increases.  Referring  to  the  curve  show¬ 
ing  an0.32  GPa  initial  pressure,  it  can  be  seen  that  the  free  surface 
velocity  is  slowly  increasing.  In  this  case,  the  pressure  of  the  first 
shock  is  too  low  to  cause  reaction  as  shewn  by  the  case  of  a  single 
shock  wave  in  TNT  at  0.39  GPa.  This  would  imply  that  the  reaction  is 
due  to  the  interaction  of  the  second  shock  wave  with  TNT. 

Figure  12  compares  the  effects  of  double  and  triple  shock  pulses  on 
the  explosive.  These  curves  compare  the  free  surface  velocities  pro¬ 
duced  by  a  double  pulse  to  that  by  a  triple  pulse  at  the  pressure  levels 
and  times  indicated.  Although  we  were  not  able  to  match  initial  and 
final  pulses  exactly,  the  data  show  no  obvious  effect  due  to  the 


Figure  12  -  Comparison  of  the  effect  of  double  and  triple  shock 
pulses  on  the  explosive. 
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Figure  13  compares  the  effect  of  the  duration  of  the  initial  shock 


Figure  13  -  effect  of  initial  pulse  duration  on  reaction. 

pulse  on  the  velocity  of  the  reaction  products.  There  appears  to  oe  no 
significant  difference  except  that  a  longer  initial  pulse  delays  the 
increase  in  free  surface  velocity  as  would  be  expected  if  the  first 
shock  wave  were  substantially  unreactive. 

Figure  14  compares  the  measured  free  surface  velocity  with  that 

calculated  for  unreacted  pressed  TNT  of  1.53g/cm^  density.  The  numbers 
correspond  to  shot  numbers  shown  in  Table  I.  The  unreacted  free  sur¬ 
face  velocities  were  calculated  as 

V  =  2uj ,  for  a  single  shock, 

V  *  2(u^  +  Uj'  )  for  a  double  shock, 

V  *  2(Uj  +  Uj'  +  uj’  )  for  a  triple  shock. 

For  singly-shocked  pressed  TOT,  there  is  a  big  difference  between  the 
calculated  and  measured  values  of  the  free  surface  at  1.15  GPa  and  very 
little  difference  at  0.93  GPa.  We  interpret  this  to  mean  that  prompt 
ignition  of  the  TNT  occurs  at  a  slock  pressure  between  these  levels. 

For  multiply  shocked  TNT,  it  can  be  seen  that  there  is  little  dif¬ 
ference  between  measured  and  calculated  free  surface  velocities  at  the 
1.5  GPa  level.  Also,  the  difference  beween  measured  and  calculated 
free  surface  velocities  increases  gradually  with  maximum  shock  pressure. 
This  indicates  that  pre-shocking  pressed  TNT  desensitizes  it  to  shock 
ignition  by  successive  shock  waves  of  higher  pressure. 

A  small  number  of  firings  were  made  using  cast  TNT  explosive  to  see 
if  multiple  shock  desensitizing  was  effective  for  cast  explosives  as 
well.  Figure  15  compares  the  measured  free  surface  velocity  with  that 

calculated  for  unreacted  cast  TNT  of  1.61  g/cm"*  density.  The  numbers 
correspond  to  shot  numbers  shown  in  Table  II.  From  the  difference  in 
free  surface  velocity,  it  can  be  seen  that  there  is  very  little  reaction 
at  0.97  GPa  and  extensive  reaction  at  2.53  GPa  for  a  single  shock  wave. 
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Figure  14  -  The  measured  and  calculated  free  surface 
velocities  of  shocked  pressed  TNT. 
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Figure  IS  -  The  measured  and  calculated  free  surface 
velocities  of  shocked  cast  TNT. 
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However,  a  double  shock  wave  having  a  maximum  pressure  of  3.0  GPa  pro¬ 
duces  only  moderate  reaction.  This  indicates  that  pre- shocking  cast 
TNT  desensitizes  it  to  shock  ignition  by  successive  shock  waves  of 
higher  pressure. 


V.  MANGANIN  FOIL  PRESSURE  GAGE  RESULTS 

Toward  the  end  of  this  program  we  decided  to  make  shock  pressure 
measurements  both  as  a  check  on  the  impedance  matching  calculations 
and  for  the  observation  of  developing  reaction  at  the  front  surface  of 
our  explosive  sample.  The  experimental  setup  is  shown  in  Fig.  16.  A 
fifty  ohm  manganin  foil  pressure  gage  was  sandwiched  between  two  0.20  mm 
thick  Mylar  sheets  along  with  a  thin  layer  of  RTV  silicone  rubber  com¬ 
pound.  This  sandwich  was  then  fastened  to  the  front  surface  of  the 
explosive  charge  using  RTV  silicone  rubber  compound.  The  gage  leads 
left  the  charge  along  the  45®  beveled  surface;  it  was  felt  that  this 
configuration  would  provide  longer  gage  life  under  shock  loading.  The 
manganin  foil  pressure  gage  formed  one  leg  of  a  Wheatstone  bridge  cir¬ 
cuit  as  shown  in  Fig.  16.  The  input  to  the  bridge  circuit  was  180  volts 
provided  by  a  K-Linc  Corp.  Pulse  Power  supply.  The  output  from  the 
bridge  circuit  went  to  a  Nicolet  model  204A  waveform  recorder.  The 
pressure  sensitivity  of  the  Micro-Measurements  gages  used  was  0.027 
ohm/ohm/GPa.  The  output  signal  voltage  from  the  Wheatstone  bridge  cir¬ 
cuit  can  be  related  to  the  shock  pressure  through  the  following  equation, 

P  *  (0.027)  /  e_  “2> 

where  Av  *  signal  voltage  (volts) 
e  =  input  voltage  (volts) 

P  *  shock  pressure  (GPa). 

Fig.  17  compares  measured  and  calculated  shock  pressures  for  pressed 
TNT.  It  can  be  seen  that  for  the  single  shock  the  measured  pressure  is 
about  88%  of  the  calculated  value.  Also  the  pressure  at  the  impacted 
face  is  increasing  with  time.  The  gage  broke  after  5  microseconds.  The 
double  shock  experiment  indicates  that  the  measured  pressures  are  82% 
and  76%  of  the  calculated  values  for  the  first  and  second  shock  wave 
respectively.  There  is  no  indication  of  reaction  until  about  0.5  usee 
after  the  high  pressure  wave  enters  the  shocked  explosive. 

Fig.  18  shows  the  response  of  cast  TNT  to  single  and  double  shock 
waves.  For  the  single  shock  waves  the  measured  pressure  is  about  85% 
of  the  value  calculated  by  impedance  matching.  There  is  evidence  of 
explosive  reaction  at  the  impacted  surface  as  shown  by  the  increase 
of  pressure  with  time.  The  reaction  rate  increases  with  the  impact  pres¬ 
sure.  The  double  shock  wave  experiment  showed  that  the  measured  pressures 
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Figure  18  -  A  comparison  of  the  calculated  and  measured 
shock  pressure  in  cast  TNT. 


25 


are  95%  and  85%  of  the  calculated  pressures  for  the  first  and  second 
shock  wave  respectively.  There  is  no  indication  of  explosive  reaction. 
The  manganin  gage  broke  after  seven  microseconds.  A  comparison  of  meas¬ 
ured  and  calculated  shock  pressures  for  the  six  shots  using  manganin 
gages  is  shown  in  Table  III. 

VI.  DISCUSSION 

Referring  to  Fig.  14  and  Table  I,  it  can  be  seen  that  shots  12  and 
14  give  a  higher  reaction  product  velocity  than  shot  10  which  has  a 
comparable  maximum  pressure.  Shots  12  and  14,  however,  have  higher 
initial  pressures  which  may  be  causing  significant  reaction.  If  this 
is  so,  the  initial  pressure  should  be  limited  to  values  below  0.9  GPa 
in  order  to  achieve  effective  desensitization  by  double  shocking.  Also, 
an  initial  pressure  as  low  as  0.23  GPa  was  effective  in  desensitizing 
pressed  TNT  to  a  following  shock  wave  of  2.05  GPa  as  shown  by  shot  5. 

For  cast  TNT  we  do  not  have  as  much  data  but  from  the  manganin  gage 
pressure  measurements  shown  in  Fig.  18  and  Table  II  it  can  be  seen 
that  cast  TNT  is  reacting  at  a  shock  pressure  of  0.97  GPa.  The  initial 
pressure  should  probably  be  limited  to  values  below  0.9  GPa  for  effec¬ 
tive  desensitization.  Also  a  pressure  as  low  as  0.4  GPa  proved  effective 
in  desensitizing  cast  TNT  to  a  following  shock  wave  of  3.0  GPa  pressure. 

As  has  been  noted  there  is  some  disagreement  between  the  calculated 
shock  pressures  (impedance  matching)  and  the  measured  shock  pressures 
(manganin  foil  gage)  with  the  measured  pressures  being  approximately 
85%  of  the  calculated  pressures.  The  pressure  sensitivity  of  the  gages 
used  in  these  experiments  was  0.027  ohm/ohm/GPa.  It  can  be  seen  by 
referring  to  equation  12  that  a  lower  pressure  sensitivity  value  would 
yield  higher  pressure  values.  Alternatively,  the  pressures  calculated 
by  impedance  matching  could  be  lowered  if  different  Hugoniot  constants 
were  used  for  the  plates  and  explosive  samples.  We  have  accepted  the 
gage  data  as  being  a  more  direct  measure  of  the  shock  pressure.  Several 
of  the  shots,  listed  in  Table  I  were  corrected  by  gage  data  obtained 
on  similar  shots. 

Our  experiments  comparing  the  results  of  double  and  triple  shock 
waves  on  explosive  reaction.  Fig.  12,  indicate  no  obvious  difference. 

In  retrospect,  this  is  not  surprising  since  voids  in  the  explosive 
sample  are  rapidly  collapsed  by  the  first  shock  and  subsequent  shocks 
encounter  a  void-free  explosive.  The  void  size  in  our  pressed  TNT 
samples  was  estimated  from  SEM  photographs  to  be  around  10  microns. 

The  void  closure  time  under  shock  loading  was  estimated  to  be  around 
0.01  microsecond  which  is  much  less  that  the  time  between  shock  waves 
in  our  multiple  shock  experiments.  For  the  same  reason,  the  duration 
of  the  initial  shock  wave,  Fig.  13,  had  no  discernible  effect  on  the 
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degree  of  reaction  produced.  In  our  multiple  shock  experiments,  there  was 
always  some  reaction  but  at  a  reduced  level  compared  to  a  single  shock 
of  the  same  magnitude  and  the  level  of  reaction  increased  with  the 
maximum  impact  pressure.  As  the  first  shock  wave  approached  1.0  GPa, 
the  measured  reaction  products  velocity  appeared  higher  than  would  be 
expected  for  the  final  maximum  pressure  (shots  12  and  14).  This  may 
indicate  that  the  first  shock  is  of  sufficient  magnitude  to  cause  signi¬ 
ficant  reaction;  the  manganin  gage  results  support  this  hypothesis. 

Ir.  the  multiple  shock  experiments  reported  here,  the  effect  of  the 
first  shock  wave  was  to  make  the  explosive  less  sensitive  to  shock 
ignition.  This  was  probably  accomplished  by  shock  compaction  of  the  TNT 
into  the  void  volume,  making  a  more  nearly  homogeneous  charge,  substan¬ 
tially  free  of  potential  hot  spot  ignition  sites.  There  are  cases,  how¬ 
ever  (11),  where  the  effect  of  a  leading  shock  wave  is  to  make  an  explo¬ 
sive  charge  more  sensitive  to  ignition.  In  experiments  reported  in 
reference  (11) ,  a  leading  low  pressure  shock  wave  in  cast  TNT  made  it 
more  sensitive  to  detonation  by  a  second  shock  when  the  time  between 
the  first  and  second  shocks  was  about  10  psec.  This  was  attributed  to 
the  effect  of  the  negative  pressure  wave,  associated  with  the  first  shock 
wave,  which  altered  the  explosive  charge  structure  causing  it  to  become 
more  heterogeneous. 

In  reference  (12),  evidence  is  presented  that  there  is  a  minimum  shock 
energy  per  unit  mass  (critical  specific  energy)  required  for  ignition; 
this  energy  is  independent  of  the  original  explosive  density  over  a  wide 
range  of  densities.  However,  the  critical  specific  energy  will  depend  on 
tl.e  pressure  pulse  duration;  in  general,  a  longer  pulse  duration  will  re¬ 
quire  a  lower  critical  specific  energy  for  ignition.  Knowing  the  explosive 
Hugoniot 
critical 
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In  shot  2  (P=  .93  GPa,  t  =  8.1  ysec),  the  explosive  reacted  but  the 
free  surface  velocity  remained  constant  indicating  that  the  reaction  was 
not  very  energetic.  If  we  assume  this  shot  represents  conditions  very 
close  to  marginal  ignition,  then  the  critical  specific  energy  required 

g 

to  ignite  TNT  is  7.0  x  10  ergs/gra  when  the  pressure  pulse  duration  is 
around  8  psec. 


we  can  convert  the  minimum  pressure  required  to  ignite  TNT  to  a 
specific  energy. 


.1 


Pu  U  u  2  _ 

=  P  ,?-s  2.  =  u  2 

U  U  p 

po  s  po  s  r 


=  critical  specific  energy  (ergs/gm) 

*  pressure  (dynes/cm2),  1  GPa  =  10^  dynes/cm2 
=  original  explosive  density  (gm/cm^) 

=  shock  velocity  in  explosive  (cm/sec) 

=  particle  velocity  in  explosive  (cm/sec) 
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VII.  CONCLUSIONS 


A.  A  leading  low  pressure  shock  wave  is  effective  in  suppressing  shock 
ignition  in  both  pressed  and  cast  TNT.  Shock  ignition  is  not  eliminated 
entirely  but  the  degree  of  reaction  is  moderated. 

B.  Initial  shock  waves  in  the  ,2  GPa  -  .9  GPa  range  are  effective  in 
suppressing  shock  ignition. 

C.  For  pressure  pulse  durations  around  8  usee,  the  critical  specific  energy 

g 

to  ignite  TNT  is  7  X  10  ergs/gm. 


28 


TABLE  I 


Summary  of  Pressure  Pulse  and  Free  Surface  Velocity  Oata  (pressed  TNT) 


No . 

P1 

(GPa) 

h 

(usee) 

Pi 

(GPa) 

<1 

(usee) 

P1 

(GPa) 

tl 

(usee) 

P 

MAX. 

(GPa) 

V 

CALC. 

(mm/usec) 

V 

MEAS. 

(mm/usec) 

1* 

.39 

8.1 

- 

- 

- 

- 

.39 

.29 

.26 

2* 

.93 

8.1 

- 

- 

- 

- 

.93 

.54 

.56 

3 

1.15 

8.1 

- 

- 

- 

- 

1.15 

.63 

2.30 

4* 

1.32 

8.1 

- 

- 

- 

- 

1.32 

.70 

2.66 

S 

.23 

7.9 

1.82 

3.1 

- 

- 

2.05 

.90 

1.34 

6* 

.32 

6.9 

2.26 

3.1 

- 

- 

2.58 

1.07 

1.38 

7 

.  7S 

4.0 

.22 

2.9 

.47 

4.6 

1.44 

.77 

.79 

8 

.76 

4.0 

.61 

4.7 

- 

- 

1.37 

.73 

.81 

9 

.77 

3.9 

.83 

8.2 

- 

- 

1.60 

.82 

.95 

10 

.89 

3.9 

.99 

8.2 

- 

- 

1.88 

.92 

1.06 

11 

.95 

5.9 

1.04 

8.2 

- 

- 

1.99 

.96 

1.19 

12 

.97 

4.0 

.29 

2.9 

.58 

4.6 

1.84 

.93 

1.30 

13 

.99 

3.9 

1.08 

8.2 

- 

- 

2.07 

.99 

1.30 

14 

1.00 

4.0 

.82 

4.7 

- 

- 

1.82 

.90 

1.37 

IS 

1.00 

7.8 

1.10 

8.2 

- 

- 

2. 10 

1.00 

1.32 

16 

1.00 

3.9 

1.10 

8.2 

- 

- 

2.10 

1.00 

1.38 

17 

1.04 

3.9 

1.16 

8.2 

- 

- 

2.  20 

1.03 

1.33 

18 

1.05 

3.8 

1.29 

3.1 

- 

_ 

2.34 

1.11 

>1.29 

‘These  pressures  were  obtained  by  adjusting  impedance  match  calculations  on  the 
basis  of  manganin  pressure  gage  measurements. 
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TABLE  II 

Summary  of  Pressure  Pulse  and  Free  Surface  Velocity  Data  (Cast  TNT) 


t  i 


No, 

P1 

(GPa) 

(usee) 

P1 

(GPa) 

*1 

(usee) 

p 

MAX. 

(GPa) 

V 

CALC. 

(mm/usec) 

VMEAS. 

(mm/usec) 

19 

.97 

8 

. 

. 

.97 

.42 

.51 

20 

1.71 

8 

- 

- 

1.71 

.69 

no  record 

21 

2. S3 

8 

- 

- 

2.53 

.94 

2.51 

22 

.  4C 

6.3 

2.60 

3.2 

3.00 

1.10 

1.52 

The 

pressures 

shown  are 

those 

obtained 

from  maganin  foil  pressure  gage 

measurements , 


TABLE  III 

Comparison  of  Calculated  and  Measured  Pressures 


Shot  No. 

Calculated  Pressure 
Impedance  Matching 
(GPa) 

Meas.  Pressure 
Manganin  Gage 
(GPa) 

SSHt- 

3 

1.3 

1.15 

88% 

5 

.28-2.70 

.23-2.05 

82%-76% 

19 

1.2 

.97 

81% 

20 

2.0 

1.71 

86% 

21 

3.  OS 

2.53 

83% 

22 

.42-3.55 

.40-3.00 

95%-85% 
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